We studied the thermoelectric and thermophysical properties of TiCoSb-ZrCoSb-HfCoSb pseudo ternary system. Polycrystalline samples were prepared by a spark plasma sintering (SPS) technique, and their thermoelectric properties above room temperature and thermophysical properties at room temperature were measured. All the samples were identified as a half-Heusler compound by the X-ray diffraction analysis. The lattice parameter, electrical resistivity and thermoelectric power systematically change with the composition in the pseudo ternary phase diagram. All the samples indicated negative values of the thermoelectric power. Low thermal conductivity was achieved in the samples with the composition near the center of the pseudo ternary phase diagram where the effect of the alloy scattering becomes large. The maximum value of ZT was obtained to be 0.073 at 790 K for Ti 0:25 (Zr 0:5 Hf 0:5 ) 0:75 CoSb.
Introduction
The thermoelectric performance of a material at a given temperature is given as the dimensionless figure of merit ZT ¼ S 2 T=, where is the electrical resistivity, S is the thermoelectric power, is the thermal conductivity, and T is the absolute temperature.
The half-Heusler compounds MCoSb and MNiSn (M ¼ Ti, Zr, Hf) have the cubic MgAgAs-type structure. These compounds have space group F4/3m (No. 216). It has been known that these compounds with 18 valence electrons per unit cell are semiconductors possessing the narrow gap and sharp slope of the density of states around the Fermi level. [1] [2] [3] [4] [5] The theoretically calculated band gap energy of TiCoSb (0.95, 1) 0.82 eV 5) ) is larger than that of the similar material TiNiSn (0.42 eV, 1) 0.51 2) ). So, TiCoSb is expected to have a larger thermoelectric power S. From the literatures, [6] [7] [8] [9] [10] [11] TiCoSb has a negative thermoelectric power. The improvement of the structural disorder 12) by annealing has been reported on MNiSn system [13] [14] [15] and TiCoSb system. 10) The thermoelectric properties of ZrCoSb and HfCoSb have been reported only for the electrical resistivity and thermoelectric power below room temperature. 16) While, such as the thermophysical properties of these compounds have scarcely reported.
In this paper, we report on the thermoelectric properties at high temperatures up to 1000 K and thermophysical properties at room temperature of the TiCoSb-ZrCoSb-HfCoSb pseudo ternary system.
Experiment
We prepared eight samples in the TiCoSb-ZrCoSbHfCoSb pseudo ternary phase diagram as shown in Fig. 1 , which are TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5. Their nominal compositions are listed in Table 1 . Ingots were made by an arc melting from the appropriate quantities of the constituent elements under argon atmosphere. The purity values of the starting materials are >99:5% for Ti, >99:7% for Zr, 99.9% for Hf and Co, and >99:9% for Sn and Sb. All the ingots were remelted at least five times in order to homogenize them. The ingots were sealed in quartz ampoules under vacuum and annealed at 1173 K for 1 week. All the samples were then crushed to powders, and sintered by a spark plasma sintering (SPS) technique at 1373 K for 5 min under 50 MPa under an argon flow atmosphere. Finally, all the samples were annealed again at 1173 K for 1 week. To examine the sample purity and determine the lattice parameter, the X-ray diffraction analysis was performed using a diffractometer on RINT2000 (Rigaku) with Cu K radiation in air at room temperature. The chemical composition of the experimental samples was determined using an energy-dispersive X-ray (EDX) analysis in vacuum at room temperature. The thermoelectric power and electrical resistivity were measured by a four probe method on ZEM-1 apparatus (ULVAC) under a helium atmosphere from 323 to 1000 K. The longitudinal and shear sound velocities were measured by an ultrasonic pulse-echo method (NIHON MATECH Echometer 1062) at room temperature in air. The From the sound velocities, the Debye temperature was evaluated. The thermal conductivity was calculated from the heat capacity, thermal diffusivity, and density. The heat capacities of TiCoSb, ZrCoSb, and HfCoSb were obtained from the literature data.
11) The heat capacities of the alloys No. 1-5 were evaluated from the Neumann-Kopp law using the literature data of TiCoSb, ZrCoSb, and HfCoSb. The thermal diffusivity was measured by a laser flash technique using TC-7000 apparatus (ULVAC) in vacuum from room temperature to 973 K.
Results and Discussion
The powder X-ray diffraction patterns of TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5 from 20 to 120 are shown in Fig. 2 . All the samples were identified as a cubic phase, but the Hf-rich samples have clear unidentified impurity phases. The lattice parameters of TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5 are summarized in Table 1 . To reflect the lattice parameters of host materials (TiCoSb, ZrCoSb, and HfCoSb), the lattice parameters of the alloys No. 1-5 systematically change in the pseudo ternary phase diagram. We carried out the EDX analysis on the samples of HfCoSb and the alloys No. 1 and No. 2. The Hf-Co alloys, Ti-or Hfrich Ti-Zr-Hf-Co alloys and Hf-rich Ti-Zr-Hf-Co alloys were detected as impurity phases on HfCoSb, the alloy No. 1 and the alloy No. 2, respectively.
The electrical resistivity of TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5 is shown in Fig. 3 . On TiCoSb, ZrCoSb, and HfCoSb, the electrical reisitivity at room temperature decreases in the following order; ZrCoSb, TiCoSb, HfCoSb. The of TiCoSb has a saturation range just like a little impurity semiconductor. The of ZrCoSb and HfCoSb show the semiconductor characteristics, decreasing with increasing temperature. The of TiCoSb, ZrCoSb and HfCoSb are larger than those of as-cast samples reported in the previous study. 11) It is well known that the annealing condition 10, [13] [14] [15] and the deviation from the stoichiometric composition 6) have much effect on the thermoelectric properties of the half-Heusler compounds. For example, the of TiCoSb tends to increase with decreasing the Co/Sb ratio and with increasing the Ti/Sb ratio.
6) It is considered that the differences of the between the present and previous studies 11) are mainly due to the deviation from the stoichiometric composition as well as the relaxation of the structural disorder effect by annealing.
The of the alloy No. 2 is smaller than that of HfCoSb. The EDX analysis performed on HfCoSb and on the alloy No. 2 indicates that these compounds contain Hf-rich alloys as impurity phases. It is considered that these Hf-rich impurity phases may induce the reduction of . On the other hand, we have confirmed that the as-cast HfCoSb sample 11) contains the Hf-rich impurity phases in the XRD pattern. It is not always true that just only a segregation of Hf-rich impurity phases is responsible for small . The deviation from the stoichiometric composition of the matrix phase caused by the segregation of the impurity phases may be considered as one of the reasons of small . The alloys No. 1-5 have also the saturation range, and their electrical resistivities become large with an increase in Zr content and become small with an increase in Hf content. In two temperature ranges (>850{900 K, <400{450 K), the band gap energies E g were roughly estimated from the linear slope E g =2k B of the fitting line for the ln -1=T plot, where k B is the Boltzmann constant. The estimated E g were listed in Table 1 . The values of E g on the present and previous reported TiCoSb 17) were estimated from two and three data points at high temperatures, respectively. It is considered that the difference in number of the data points for fitting at high temperatures results in the difference of the E g between the present and previous 17) studies. The E g of the alloy No. 4 at high temperature was 1.25 eV. The E g values of the alloys No. 1-5 are larger than those of TiCoSb, ZrCoSb and HfCoSb. In addition, the E g value is closely related to Hf content in the alloy. While, the E g at low temperature (<400{450 K) was about 0.20 eV. This implies that the donor level of the sample is formed in the same position just below the bottom of the conduction band.
The thermoelectric power S of TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5 are shown in Fig. 4 . The data show negative values. For TiCoSb, ZrCoSb, and HfCoSb, the absolute value of the thermoelectric power S decreases in the following order; TiCoSb, ZrCoSb, HfCoSb. On the other hand, the absolute value of the thermoelectric power S of the alloys except for No. 5 at room temperature becomes large with increase the band gap energy E g at high temperature. Especially, the alloys No. 4 and 5 have the largest value over À400 mV/K. Almost no variation of S was observed in the saturation range, because the carrier concentration scarcely changes in the saturation range.
The thermophysical properties (longitudinal sound velocity V L , shear sound velocity V S , and Debye temperature D ) of TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5 are summarized in Table 1 . The Debye temperature D 18) was calculated from the following equation:
where h is the Plank's constant, N is the number of atoms in the unit cell, and V C is the unit cell volume. V L and V S were directly measured by the ultrasonic pulse echo method. The thermal conductivity of TiCoSb, ZrCoSb, HfCoSb, and the alloys No. 1-5 is shown in Fig. 5 . For TiCoSb, ZrCoSb, and HfCoSb, the thermal conductivity decreases with increasing molecular weight; this phenomenon is also confirmed in the Debye temperature, that is, the Debye temperature decreases with increasing the molecular weight. This characteristic can be explained by that the heavy 
Summary
The 8 kinds of samples in the TiCoSb-ZrCoSb-HfCoSb pseudo ternary system were prepared by the SPS technique. We measured the thermoelectric properties above room temperature up to 1000 K and thermophysical properties at room temperature. The lattice parameter, electrical resistivity and thermoelectric power systematically change with the composition in the pseudo ternary phase diagram. All the samples indicate negative values of the thermoelectric power. The samples with the large band gap energy roughly show large thermoelectric power. A low thermal conductivity was achieved in the samples with the composition near the center of the pseudo ternary phase diagram where the alloy scattering for phonons becomes large. For TiCoSb, ZrCoSb, and HfCoSb, the thermal conductivity and Debye temperature become small in the order of increasing the molecular weight. On the other hand, the thermal conductivity of the alloys except for 
